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1. Abstracts (Zusammenfassung) 
1.1. Zusammenfassung 
Eine gezielte Modifikation des menschlichen Genoms ermöglicht die Entwicklung von 
neuartigen Therapien für vererbte und erworbene Erkrankungen. Seit der Entdeckung 
des programmierbaren Nukleasesystems in Bakterien avanciert die CRISPR-Cas9 
Technologie zum meist angewendeten System für die gezielte Genmodifikation. Für 
therapeutische Ansätze müssen Protokolle entwickelt werden, die eine effiziente und 
präzise Veränderung der Zellen ermöglichen. Zusätzlich sollte eine sorgfältige 
Evaluation möglicher Sicherheitsrisiken der Technologie durchgeführt werden, um 
eine Risiko-Nutzen-Analyse zur klinischen Anwendung anzufertigen. 
Die vorgelegten Arbeiten beschreiben eine neue virus-freie Methode zur 
Geneditierung mit CRISPR-Cas9. Elektroporation von CRISPR-Cas9 
Ribonukleoproteinen ermöglicht eine hoch-effiziente Mutagenese von Genen in 
unterschiedlichen primären humanen hämatopoetischen Zellen bei geringer Toxizität. 
Das entwickelte Protokoll kann für unterschiedliche Zellarten adaptiert werden, die als 
schwer transfektierbar galten. Beispielsweise konnten primäre Leukämiezellen 
genetisch verändert werden, um Antigenverlust nach antigen-spezifischer 
Immuntherapie in vitro und mehreren Xenograft-Modellen zu simulieren. 
Die hohe Effizienz und geringe Toxizität erlauben die Adaption des Protokolls für 
klinische Anwendungen. Im Hinblick auf den Einsatz der Technologie im Menschen 
wurde die Immunogenität des am häufigsten genutzten Cas9 Proteins aus dem 
Bakterium Streptococcus pyogenes (SpCas9) untersucht. SpCas9-reaktive T-Zellen 
wurden in 95% der Erwachsenen detektiert. Angereicherte SpCas9-reaktive Effektor 
T-Zellen eliminierten SpCas9-überexprimierende Zielzellen in vitro.  
Zusammenfassend konnte eine Methode etabliert werden, um Gene in primären 
humanen Zellen – inklusive T-Zellen – hoch-effizient und spezifisch zu verändern. Die 
transiente Anwendung mittels Ribonukleoproteinkomplexen wurde als zusätzlicher 
Sicherheitsvorteil identifiziert, da die meisten Menschen über ein T-Zell-Gedächtnis mit 
Spezifität für Cas9 von Streptococcus pyogenes verfügen. Immunität könnte durch 
Kolonisierung und Infektionen durch fakultativ-pathogene Bakterien ausgelöst werden, 
aus denen das jeweilige CRISPR-Cas System hervorgeht. Die hohe Prävalenz von 
Cas9-spezifischen T-Zellen stellt ein vorher unerkanntes Sicherheitsheitsrisiko für die 
Anwendung von CRISPR-Cas9 in Menschen dar. 
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1.2. Abstract 
Targeted editing of the human genome enables the development of novel treatment 
options for inherited and acquired diseases. Since the discovery of the programmable 
nuclease system in bacteria, the CRISPR-Cas9 technology has become the most 
commonly used tool for gene editing. Therapeutic application of the technology in 
human patients requires the development of protocols for its effective delivery into the 
cells of interest with minimal toxicity as well as a careful safety evaluation.  
The works underlying this thesis describe a novel vector-free method for gene editing 
with CRISPR-Cas9. Electroporation of CRISPR-Cas9 ribonucleoproteins was used to 
achieve targeted mutagenesis in primary hemopoietic cells with high efficiency and 
little toxicity. The established protocol can be adapted for many cell types that were 
previously thought to be hard to transfect. Exemplary, CRISPR-Cas was used to 
modify primary human leukemia cells in order to then simulate antigen-escape after 
antigen-directed immunotherapies in vitro and in various xenograft models. 
While high efficiency and minimal toxicity allow the adaption of the method for clinical 
applications, immunogenicity of Cas9 protein represents an unaddressed safety 
concern for its use in human patients. Therefore, T cell responses toward the most 
commonly used Cas9 nuclease protein from the bacterium Streptococcus pyogenes 
(SpCas9) were evaluated in healthy human adults. SpCas9-reactive T cells were 
detected in 95% of the healthy donors. Enriched SpCas9-reactive T cells lysed 
SpCas9-overexpressing target cells.  
In summary, a method was established to specifically mutagenize genes in primary 
hematopoietic cells at unprecedented efficacy. Furthermore, transient delivery of 
CRISPR-Cas9 components was identified as an additional safety advantage, because 
most healthy human adults exhibit preexisting T cell memory against SpCas9. 
Immunity to Cas9 proteins could occur by colonization or infections with the 
commensal or facultative-pathogenic bacterial species from which they originated. The 
high prevalence of pre-existing Cas9-specific T cells highlights a previously 
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Graphical abstract was created with BioRender (www.biorender.com)  
and flow cytometry data of Gundry et al. 2016 
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2. Introduction and current state of research 
2.1. Prospects and challenges of gene therapy 
Gene therapy is becoming a cornerstone of regenerative medicine.(Anguela & High, 
2019) Contrary to many regular pharmaceutical interventions, both in vivo and ex vivo 
gene therapies aim to introduce therapeutic genes into human cells for long-term 
expression and clinical benefit after a single application (Anguela & High, 2019). To 
this end, the gene of interest is usually transferred by a vector, most commonly an 
engineered non-replicative virus (Anguela & High, 2019). While under development 
since the 1990s, the field has been stalled because of genotoxicity and immunogenicity 
issues of the viral vectors. Infusions of ex vivo modified hematopoietic stem cells with 
randomly integrating lentiviral vectors led to the development of leukemia in some 
patients (Hacein-Bey-Abina et al., 2003). Furthermore, systemic high dose application 
of an adenovirus-based gene therapy induced an overwhelming immune response 
against the vector, killing 18 year old patient Jesse Gelsinger (Raper et al., 2002). 
In the last two decades, the discovery of safer viral vectors has led to the slow 
reemergence of gene therapy with several successful clinical trials (Anguela & High, 
2019). A few commercial products have been approved for inherited rare diseases 
including retinal dystrophy (Luxturna, Spark Therapeutics), severe combined 
immunodeficiency disorder (Strimvelis, GlaxoSmithKline) and spinal muscular atrophy 
(Zolgensma, Novartis). The vast majority of the ongoing and completed clinical trials 
until 2017 were performed in the cancer field (Anguela & High, 2019). A very prominent 
example of the gene therapy developments in oncology is the employment of ex vivo 
modified T cells that are redirected to recognize and kill leukemia cells by the 
introduction of so-called Chimeric Antigen Receptors (CAR) specific for the common B 
cell antigen CD19 (Maude et al., 2014). 
Interestingly, the pioneers of gene therapy tested these approaches without full 
knowledge of the human genome. After the successful sequencing of >94% of the 
human genome in 2001, it was expected that this information could be used to identify 
errors that cause disease and ultimately rewrite the code of life for the eradication of 
inherited disease (International Human Genome Sequencing Consortium, 2001). 
However, precise and efficient modification of a specific disease-causing mutation in 
human cells was not achieved until 2005 (Urnov et al., 2005). In their seminal study, 
Urnov et al. demonstrated that the induction of DNA double strand breaks at a specific 
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location in the human genome and co-delivery of a homologous DNA donor template 
could be used to introduce a targeted change by exploiting the endogenous 
homologous recombination DNA repair pathway. 
In the last decade, the new excitement about gene therapy was drastically amplified 
by the discovery that the bacterial defense system CRISPR-Cas could be harnessed 
to specifically cut DNA in 2012 (Jinek et al., 2012). While other site-specific nuclease 
systems such as zinc-finger nucleases had already been in development since 1996, 
the ease of target customization and generally high efficiency as well as moderate 
specificity make CRISPR-Cas the most popular gene editing tool today.  
2.2. CRISPR-Cas9 technology for gene editing in T cells 
The most frequently used CRISPR-Cas system was originally derived from 
Streptococcus pyogenes (SpCas9) (Jinek et al., 2012). In its essential format for 
genome editing, it consists of the Cas (CRISPR-associated) protein and the single 
guide RNA (sgRNA), which is typically 100 nucleotides long (Mali et al., 2013). A 
specific scaffold sequence, that was derived from the bacterial trans-activating RNA, 
enables binding of the sgRNA to the SpCas9 nuclease (Mali et al., 2013). Cas9-sgRNA 
complexes scan the DNA by three dimensional diffusion.(Sternberg et al., 2014) Once 
the SpCas9 protein binds to its protospacer-adjacent-motif (PAM, SpCas9: 5’-NGG-
3’), its motion is halted (Sternberg et al., 2014). The protein’s nuclease function 
becomes activated after successful Watson-Crick base-pairing of the 20 nucleotides 
“spacer” sequence of the sgRNA’ to the target strand of the DNA (Mali et al., 2013). 
Altering the spacer sequence allows for targeting any 20 base pairs sequence in the 
genome with the only constraint being the presence of the PAM motif NGG (Jinek et 
al., 2012; Sternberg et al., 2014). PAM sequence, guide RNA format and spacer 
lengths vary between Cas nucleases from different species (Makarova et al., 2020). 
Once introduced into the nucleus of human cells, the CRISPR-Cas technology results 
in fast and irreversible modification of the human genome (Cong et al., 2013). Through 
the efficient and repetitive induction of DNA double strand breaks at the target site in 
the genome, the cell’s error prone non-homologous end joining leads to insertions and 
deletions during DNA repair (Porteus, 2019). This may create a frameshift in the coding 
sequence and premature stop codons, which abrogate the translation of functional or 
full-length proteins (Cong et al., 2013). Similar to other nuclease systems, co-delivery 
of DNA templates allows homology-directed repair to correct mutations or introduce 
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new sequences (Porteus, 2019). 
For clinical application, the components need to be efficiently delivered into the cells 
(Porteus, 2019). Through artificially attached nuclear-localization sequences, the Cas 
proteins can be shuttled into the cell’s nucleus (Cong et al., 2013). Most initial studies 
focused on the delivery via DNA plasmids (Cong et al., 2013; Mali et al., 2013; Mandal 
et al., 2014). Low efficiency and considerable toxicity prevented their widespread use 
for human T cell modification (Mandal et al., 2014). The delivery of Cas9-sgRNA 
ribonucleoprotein complex yielded increased efficiency with gene editing in up to 50% 
of the transfected T cells (Hendel et al., 2015; Schumann et al., 2015). The 
aforementioned studies lead to the hypothesis that application of preformed complexes 
of protein and sgRNA will achieve highly efficient gene disruption at the gene of interest 
without major reduction in the cells’ viability. Additionally, “hit-and-run” approaches that 
deliver the active nuclease components for editing do not harbor the risk for insertional 
mutagenesis because they cannot be integrated and are quickly degraded in the cells 
(Porteus, 2019). 
2.3. Safety risks of CRISPR-Cas gene editing 
The safety of CRISPR-Cas gene editing must be carefully evaluated to create an 
informative and complete risk and benefit analysis. The major concern of CRISPR-Cas 
for clinical practice are unintended off-target effects of the nuclease activity (Porteus, 
2019). Mutagenesis of tumor suppressors or protooncogenes could induce cancerous 
properties within the modified cells. For T cell therapeutics, the risk of such an event is 
considered to be low, because in over two decades of clinical experience with randomly 
inserting retroviral vectors no case of leukemic transformation has been reported 
(Scholler et al., 2012). Recently, one case has been described where the expression 
cassette of a CD19-specific chimeric antigen receptor integrated into the locus of the 
known protooncogene Tet2 (Fraietta et al., 2018). Surprisingly, the patient’s leukemia 
was completely eradicated by CAR T cells derived from a single clone with the 
described Tet2 integration site, but the frequencies of Tet2-disrupted CAR T cells 
declined after successful tumor clearance and appeared not to pose a safety risk 
(Fraietta et al., 2018). Nevertheless, the lack of experience with the CRISPR-Cas 
technology warrants a stringent evaluation of unwanted gene editing events before 
clinical practice despite a relatively low risk of malignant transformation of terminally 
differentiated cell type like T cells. 
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While immunity was one of the major obstacles in early gene therapeutic trials, 
immunogenicity of the CRISPR-Cas system has only been addressed by few studies 
in humans (Charlesworth et al., 2019; Simhadri et al., 2018; Wagner et al., 2019). In 
2015 and 2016, first studies in immunocompetent mice showed that the SpCas9 
protein has the inherent capacity to induce an adaptive immune response via the 
production of antibodies as well as SpCas9-specific T cell responses (Chew et al., 
2016; Wang et al., 2015). Long-lasting overexpression of the SpCas9 protein may 
therefore lead to the destruction of cells expressing the SpCas9 protein through Cas9-
specific CD8+ T cells (Chew, 2018). However, preexisting T cell immunity could 
eliminate gene edited cell products that display Cas9 fragments on their cell surface. 
Preexisting neutralizing antibodies reportedly reduce the efficacy of viral gene 
therapies and patients with neutralizing antibodies are consistently excluded from 
clinical trials (Anguela & High, 2019). While only few applications aim to deliver SpCas9 
systemically, antibodies could deplete free active nuclease prior to entering its target 
cells, thereby reducing its efficacy (Chew, 2018). 
The bacteria from which the most popular Cas systems were adapted are well known 
human pathogens (Makarova et al., 2020). Streptococcus pyogenes as well as 
Staphylococcus aureus frequently colonize children and adults and are facultative 
pathogenic bacteria with a high incidence of infections, especially during childhood 
(Carapetis et al., 2005; Lowy, 1998). Therefore, the hypothesis was formulated that 
sensitization to Cas variants occurs in most human adults through exposure to the 
bacterial species from which they originate. To this end, a study was designed to 
evaluate and characterize memory T cell responses toward the most popular SpCas9 
nuclease. 
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3. Methods 
This section summarizes the key methodologies of the author’s contributions to the 
works underlying this thesis. For a detailed account of all materials and methods, 
please refer to the corresponding sections of the enclosed publications. 
3.1. Peripheral blood mononuclear cell (PBMC) isolation by density-gradient 
centrifugation 
One milliliter peripheral venous blood of a healthy human adult contains between 
0,25x106 – 3x106 T cells. To eliminate granulocytes, erythrocytes and most 
thrombocytes, density gradient centrifugation allows the separation of the so-called 
peripheral blood mononuclear cell (PBMC) fraction from whole blood. PBMCs consist 
mostly of T cells but also contain antigen-presenting cells like B cells and monocytes. 
Thus, this fraction is an optimal starting population for T cell stimulations and antigen-
specific T cell expansion strategies. To isolate PBMC, heparinized venous blood is 
mixed 1:1 with phosphate buffered saline (PBS). The diluted blood is carefully layered 
on a high-molecular mass Ficoll polymer solution with high density. Centrifugation at 
400 x g for twenty minutes at room temperature allows passing of granulocytes and 
erythrocytes through the polymer solution to the tubes bottom. Importantly, 
centrifugation is performed without break function to prevent disruption of the solution’s 
layers. The white ring above the clear Ficoll solution layer are the cells of interest. 
Subsequent harvesting is carefully performed with a sterile Pasteur pipette without 
mixing the serum-PBS and the Ficoll phases. The harvested cells are transferred to a 
fresh 50-ml falcon tube and washed twice with PBS to remove residual Ficoll and some 
of the thrombocytes. Finally, the PBMCs are resuspended in T cell culture medium 
(Baylor College of Medicine: 45% CLICK’s medium, 45% RPMI 1640 medium, 10% 
fetal calf serum; Charité: 90% RPMI 1640 medium, 10% fetal calf serum, 
supplemented with 1% Penicillin / Streptomycin antibiotics in all experiments without 
electroporation). 
3.2. T cell culture 
For optimal activation and expansion, T cells require all three signals: activation 
through ligation of their T cell receptor/CD3 complex, co-stimulation through co-
receptors like CD28 and proliferation supporting cytokines. Therefore, polyclonal 
effector T cell culture is initiated by stimulation of PBMC with anti-CD3/anti-CD28-
antibodies and cytokine-supplemented cell culture medium (effector T cells: 10 ng/ml 
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IL-7; 5 ng/ml IL-15 [both CellGenix]; regulatory T cells 500 IU/ml IL-2 [Proleukin, 
Novartis]).  
To this end, antibodies can be immobilized on non-tissue-culture 24-well plates 
through overnight coating with 500 µl sterile water supplemented with 1 µg/ml anti-CD3 
(clone OKT3) and 1 µg/ml anti-CD28 (clone CD28.2) at 4°C. Next day, the plates were 
washed once with PBS and a second time with complete cell culture medium (RPMI 
1640, 10% fetal calf serum) before 1x106 freshly isolated PBMCs are plated per well. 
Alternatively, anti-CD3/CD28 stimulus can be provided by antibody coated beads 
according to the manufacturer’s recommendations (e.g. Dynabeads T cell Activator Kit 
[ThermoFisher] or T cell activation/expansion beads [Miltenyi Biotec]). Generally, 
activated T cells were counted and re-seeded at 0.5x106 cells per ml every 2-3 days 
with cytokine-supplemented T cell culture medium. 
3.3. sgRNA selection and synthesis 
 Design 
SgRNAs were selected using the CRISPRscan web application.(Moreno-Mateos et al., 
2015) The integration of CRISPRscan with the UCSC genome browser allowed the 
visual identification of sgRNAs high predicted efficiency (high score >70), minimal off-
targets (green color) or both (light-green bars). SgRNAs within annotated exons were 
picked for gene disruption. The CRISPRscan algorithm provides a summary of several 
important pieces of information regarding every sgRNA, including a primer sequence 
for subsequent PCR-amplification.  
 Extension polymerase chain reaction (PCR) 
Templates for in vitro transcription of single guide RNA (sgRNA) for Cas9 can be 
constructed by exchanging a given target-specific 5’ “spacer” sequence through 
extension PCR with a synthetic DNA oligo primer. The 56 nucleotide-long DNA primers 
include a) the transcription start site for the T7-RNA-polymerase (prokaryotic TATA-
box), b) the specific 20 nucleotide “spacer” sequence and c) a short overlapping 
sequence that anneals to the stem of the sgRNA scaffold sequence. To enhance 
binding of the primer to the sgRNA scaffold sequence on the px458 plasmid (Addgene 
Catalog#: 48138, gift from Dr. Feng Zhang, MIT), an additional 5’-ATAGC-3’ sequence 
is added on the 3’-end of the primer sequence derived from CRISPRscan. For all 
sgRNA template PCRs a universal reverse primer can be used (5’- 
AGCACCGACTCGGTGCCACT-3’). The primer pair is designed to have an effective 
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annealing temperature of 60°C. The PCR is performed with a high-fidelity polymerase 
enzyme kit to reduce errors (KAPA HiFi Hot start Polymerase 2x Ready-mix, Roche). 
20 µl reactions are set up with 1 µM of each the individual forward primer and the 
universal reverse primer and 2 ng of px458 plasmid DNA.  
 PCR purification 
The PCR product is subsequently purified using MinElute DNA purification kit (Qiagen) 
and dissolved in 12 µl nuclease-free water. The amplification specificity is validated by 
1% agarose gel electrophoresis and the concentration is measured by 
spectrophotometry on a NanoDrop2000 device (ThermoFisher). Typical 
concentrations are 50-80 ng/µl. PCR templates for in vitro RNA transcription can be 
used immediately or stored at -20°C. 
 in vitro transcription (IVT) 
Purified DNA templates are kept or thawed on ice. For in vitro transcription, the 
HiScribe T7 High Yield RNA Synthesis Kit (NEB) was used. Briefly, 4 µl of DNA PCR 
template was mixed with ATP, CTP, GTP, UTP, 10x reaction buffer and T7 polymerase 
mix according to 50% of the manufacturers recommended volumes for a 10 µl reaction. 
in vitro transcription was subsequently performed in a PCR cell cycler at 37°C for 4-16 
hours.  
 RNA purification 
To isolate highly purified sgRNA, IVT reactions are diluted in a total volume of 50 µl 
nuclease free water and purified according to the manufacturer’s manual (Zymo RNA 
Clean and concentrator 25 Kit; Zymo Research). Purified RNA is eluted from the 
columns with 25 µl nuclease-free water. RNA concentrations are determined by 
spectrophotometry and RNA volume is adjusted to a final concentration of 1 µg/µl. To 
prevent multiple freeze-and-thaw cycles, sgRNA is aliquoted at small volume (e.g. 4 µl) 
prior to storage at -80°C. Importantly, workplace and pipettes should be treated with 
decontaminating agents to remove RNAse (e.g. RNAseZAP; ThermoFisher). Only 
sterile and nuclease-free filter tips and tubes are used to reduce the risk of RNA decay.  
3.4. Cell electroporation  
Cell electroporation requires careful preparation of all needed reagents. Cells of 
interest are seeded one or two days prior to transfection in an antibiotic-free medium 
and at optimal seeding ratio. Depending on the cell type of interest, 100.000 – 250.000 
cells are used in a 10 µl transfection using the Neon Transfection System 
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(ThermoFisher). For T cells, as well as immortalized or cancerous lymphatic cell lines, 
250.000 cells are used per 10 µl transfection volume. At the day of transfection, the 
cells are harvested and washed twice in sterile PBS to remove all residual medium 
components that could contain DNA/RNA nucleases. A second wash step is performed 
in a 1.5 ml tube to allow the complete removal of residual liquid. Then, the cells are 
resuspended in electroporation buffer (“T”: T cells, “R”: cell lines; both part of Neon 
Transfection Kit; ThermoFisher). Just prior to electroporation, the cell suspension is 
mixed with the CRISPR-Cas RNPs or the DNA plasmid. Transfection of lymphatic cells 
(T cells, Lymphoblastoid Cell Lines, B-ALL lines) is performed at 1600 Volt for 10 
milliseconds and 3 pulses. Immediately after electroporation, the cells are added into 
pre-warmed medium (supplemented with cytokines in case of T cells) and rested for at 
least 24 hours. 
 Formulation of CRISPR-Cas9 ribonucleoprotein (RNP) complexes 
RNPs are formulated by mixing 1 µg of sgRNA with 1 µg of recombinant Cas9 Protein 
(PNAbio or Integrated DNA Technologies) per 10 µl transfection. The high sgRNA to 
Cas9 molar ratio (5:1) ensures saturation of Cas9 with sgRNA after 10-15 minutes of 
incubation at room temperature in a nuclease free tube. 
 Plasmids (LCLs) 
Ultra-pure plasmids were isolated with the ZymoPURE Midi Prep Kit (Zymo Research). 
To model a gene therapeutic scenario, B-LCLs were transfected with 500 ng of plasmid 
DNA. The px458 plasmid leads to the expression of a green fluorescent protein 
reporter gene, a Cas9 protein and a sgRNA targeting the human AAVS1 safe harbor 
locus.(Mali et al., 2013) 
3.5. Flow cytometry 
Labeling of both intracellular and extracellular proteins on cells with fluorochrome-
linked antibodies allows high-dimensional profiling of cell populations. Here it was used 
to characterize the outcome of gene disruption, characterize antigen-specific T cells 
after specific stimulation as well as analyze cell proliferation survival after cell culture. 
For gene editing experiments, analysis is performed at least 3 days after transfection 
to allow for sufficient protein turnover.(Fousek et al., 2020; Gomes-Silva et al., 2017; 
Gundry et al., 2016) At the time of the respective readout, cells were harvested and 
aliquoted into 5 ml polystyrene round bottom tubes (Falcon). After centrifugation at 
400g for 5 minutes, supernatants are discarded, and cells are resuspended in 100 µl 
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PBS. Antibodies for surface staining and live/dead discrimination dyes are added first. 
Intracellular staining requires fixation and permeabilization of cells. Unless otherwise 
stated, Foxp3 Transcription Factor Staining Kit (eBioscience, now ThermoFisher) is 
used according to the manufacturer’s recommendations. In case of intracellular 
staining, only fixation resistant fluorochromes like APC and live-dead staining are used 
during surface staining. Further, after fixation and permeabilization, all washing and 
staining steps are performed in saponin containing permeabilization buffers to allow 
antibodies to penetrate the cell membrane. After a final wash, cells are analysed on 
flow cytometer (e.g. Navios; Beckman Coulter(Gomes-Silva et al., 2017) or LSRII 
Fortessa, BD(Wagner et al., 2019)). Data analysis is performed with FlowJo Version 
10 (BD Bioscience). 
3.6. Antigen-specific T cell stimulation 
To detect antigen-specific T cell responses, PBMCs were incubated overnight in the 
presence of recombinant Cas proteins (SpCas9 [PNAbio], Staphylococcus aureus 
SaCas9 [Applied Biological Materials Inc], Acidaminococcus species Cas12a/Cpf1 
[Integrated DNA Technologies]). As a control for a common recall antigen, stimulations 
with a peptide mix derived of cytomegalovirus antigen pp65 (CMV PepMix pp65, JPT) 
are included in seropositive healthy human adults. Additionally, staphylococcal 
enterotoxin B (Sigma) is included as a separate positive control. To evaluate whether 
T cell activation is MHC dependent, blocking antibodies for major histocompatibility 
complexes (MHC class 1 or 2) are added during the incubations in some experiments.  
For whole protein stimulations, 1.5 (SaCas9) / 2.5 µg recombinant Cas protein 
(SpCas9, Cpf1) is added to at least 5x106 PBMCs in complete medium in a small 
volume (100 µl) for 15 minutes at 37°C to allow for efficient uptake of the protein into 
the antigen presenting cells. Then, the volume is adjusted to 500 µl with complete 
medium and the cells are rested for 6 hours to ensure sufficient protein processing and 
loading on major histocompatibility complexes of antigen presenting cells. 
Subsequently, brefeldin A is added to the samples to block the Golgi apparatus in cells 
and thereby prevent cytokine secretion. For all other stimulants, brefeldin A is 
supplemented one hour after the beginning of stimulation. 
After a total of 16 hours, intracellular staining (as described above) allows the 
identification of activated T cells through activation markers as well as unreleased 
cytokines. Unstimulated PBMCs served as negative control to measure background 
Dimitrios Laurin Wagner 
Thesis: CRISPR-Cas9 and T cells 
 
Seite 16 von 103 
 
activation. For cell sorting experiments, the PBMCs are dosed with Cas9 proteins as 
described above, but no Brefeldin A is added to retain long-term viability. CD40-
blocking antibody is added to the medium to prevent downregulation of CD154 (also 
known as CD40 Ligand) on the T cells’ surfaces after ligation to its receptor. For a full 
list of antibodies used, please refer to the method sections of the enclosed 
manuscripts. 
3.7. Fluorescence-activated cell sorting  
Cell sorting allows the enrichment of target populations. To this end, cells are stained 
with fluorochrome linked antibodies as described earlier. Prior to sorting, the stained 
cells are resuspended in cold PBS and filtered with a 0.45 mm cell strainer to create a 
single cell suspension. Within the cell sorter, a continuous stream of droplets 
containing mostly single cells is created in a buffered saline solution and analysed by 
flow cytometry. The cells of interest are selected based on fluorescence intensity of 
multiple markers using logic gating strategies. This enables to identification of target 
populations that are negative for marker A (e.g. CD19), but positive for marker B (e.g. 
green fluorescent protein). If a cell of interest is detected by the flow cytometer, the 
droplet containing the cell is diverted via a charge created by two metal plates adjacent 
to the flow stream. The droplets containing single cells with the defined fluorescence 
characteristics are collected in sterile collection tubes containing a small volume of 
complete medium. After completion of the sort, the cell purity is confirmed by flow 
cytometry. The sorted cells are washed and counted. Depending on the downstream 
application, the cells can either be used directly or resuspended in the respective 
culture medium (e.g. cytokine containing T cell medium) for cell expansion. As the cell 
sorting requires intensive cell handling, the medium is supplemented with antibiotics to 
prevent an outgrowth of bacterial contaminations in subsequent cultures.  
3.8. Flow cytometry-based cytotoxicity assay  
A fundamental function of T cells is the elimination of cells that express their target 
antigens on MHC molecules. In Wagner et al., a flow cytometry-based cytotoxicity 
assay was used to evaluate whether enriched SpCas9-reactive effector T cells lyse 
autologous cells that endogenously expressed SpCas9 in a dose dependent manner. 
As target cells, established B lymphoblastoid cells (B-LCL) are transfected with DNA 
plasmids to force the expression of SpCas9 and a green fluorescent protein (px458, 
details above) or green florescent protein only (pMAX-GFP, Lonza Ltd, Cologne). To 
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exclude unspecific killing of target cells, unmodified autologous B-LCL stained with the 
red fluorescent dye (DDAO phosphate, Molecular Probes, ThermoFisher) are included 
as internal controls in each co-culture. For the setup of the assay, control B-LCLs (red 
dye) were mixed with GFP-transfected target LCLs, and co-cultures were set up with 
different T cells to target LCL ratios (1:10, 1:1, 10:1). After 16 hours of incubation in 
96-Well-U-Bottom-Plates (Corning), the remaining cells are harvested, washed with 
PBS and stained with Life/Dead Fixable Blue Dead Cell Stain Kit (ThermoFisher) to 
demark apoptotic cells during the flow cytometric readout. The ratio between alive 
control B-LCLs and alive GFP positive target LCLs is used to normalize for unspecific 
lysis. In order to calculate the mean survival, the relative amount of alive GFP positive 
LCLs is compared to the condition without T cells.  
3.9. Effector T cell suppression assays  
Regulatory T (Treg) cells modulate immune responses with suppressive signals. A key 
function of Treg cells is the inhibition and reduction of effector T cell activation and 
proliferation. In co-culture experiments, SpCas9-reactive or polyclonal Treg cells are 
mixed with SpCas9-activated effector cells and their expansion and cytokine secretion 
is monitored. To evaluate proliferation, SpCas9-reactive or polyclonal CD4+/CD8+ 
effector cells are enriched with and stained with CellTrace CFSE dye (ThermoFisher) 
according to the manufacturer’s recommendations. For antigen-specific effector T 
cells, the initial activation was enough to promote cell expansion. In contrast, polyclonal 
effector T cells are stimulated by adding anti-CD3/CD28-coated microbeads (Treg 
suppression inspector; Miltenyi Biotec) at 1:1 ratio. Subsequently, effector T cells are 
plated in 96-Well-U-Bottom-Plates (Corning) alone or with different amounts of Treg 
cells. The incorporation of CFSE dye in protein-containing organelles leads to a high 
green-fluorescent signal after stimulation with a 488 nm blue laser during flow 
cytometry. As T cells proliferate, the CFSE signal is diluted in each cell division. 
Therefore, proliferation can be monitored by quantifying T cells with low CFSE signal 
in flow cytometry multiple days later. Unlabeled Treg cells are excluded from the 
analysis based on CFSE negativity and percentage of proliferating effector T cells is 
quantified and compared. The supernatants from the same experiments are harvested 
for measurements of TNF-a, IFN-g, IL-2 and IL-10 using a multiplex ELISA 
(Proinflammatory cytokine kit, Mesoscale Discovery platform, Mesoscale Diagnostics). 
In these experiments, no recombinant cytokine is added to the culture medium to 
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specifically determine the cytokine concentrations secreted by T cells. For the accurate 
quantification of the respective cytokines, the run included a standard curve for 
calibration and internal blank controls for background subtraction.  
3.10. T cell receptor beta chain sequencing  
Every conventional T cell expresses a T cell receptor (TCR) heterodimer consisting of 
an alpha chain and a beta chain. Due to genetic recombination, variable portions of 
the alpha and beta chains are highly diverse between naïve T cell clones. Sequencing 
the TCR repertoire allows to distinguish between highly diverse T cell populations 
(naïve polyclonal) and oligoclonal (antigen-specific memory) T cell populations. 
Additionally, T cell populations that share high percentages TCR sequences likely arise 
from the same T cell clones. An accurate determination of the TCR repertoire can be 
performed by targeted sequencing of the respective variable complementary-
determining regions of their TCR alpha or beta chain. In Wagner et al., the commercial 
TCR beta chain repertoire “immunoSEQ platform” by Adaptive Biotechnologies is 
used. To this end, genomic DNA is isolated from freshly sorted T cells with the Quick-
DNA Miniprep Plus Kit (Zymo Research). The different activated T cell subsets are 
sorted based on expression of activation markers CD137 and CD154 as well as the 
respective T cell phenotype: Treg (CD25highCD127low) or Teff (CD25lowCD127high) 
respectively. To determine whether SpCas9-reactive regulatory and effector T cells 
originate from same original clones, only CD4 positive T cells are sorted for this 
analysis. Subsequently, clonal diversity and TCR repertoire overlaps between different 
T cell subsets are analyzed with immunoSEQ Analyzer 3.0 (Adaptive Biotechnologies).  
3.11. Serological analysis of Streptococcus pyogenes exposure 
The formulated hypothesis on sensitization to SpCas9 is based on the assumption, 
that most human adults are exposed to the bacterium. To confirm prior exposure, 
antibody titers against two intracellular proteins of Streptococcus pyogenes 
(Streptolysin O; streptococcal DNAse B) are measured in the qualified clinical 
laboratory of Labor Berlin GmbH. For these analyses, venous blood is collected from 
20 healthy human donors from our cohort in a tube without anticoagulants, centrifuged 
at 1.000 g for 10 minutes and aliquoted in sterile containers, transferred at room 
temperature or stored at -20°C until analysis. 
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4. Essential Results 
4.1. Highly efficient gene disruption in activated human T cells 
The electroporation of ribonucleoproteins achieves a high frequency of gene disruption 
while retaining a high viability of hematopoietic cell types like primary human T cells 
(Gundry et al., 2016). Cell culture conditions before manipulation were the key for high 
efficiency of the genetic modification (Gundry et al., 2016). Polyclonally activated T 
cells that strongly proliferated after four days of culture in the presence of T-cell 
promoting cytokines (IL-7 and IL-15) could be efficiently edited, but unstimulated and 
non-dividing cells could not be genetically modified through electroporation (Figure 3A, 
(Gundry et al., 2016) and data not shown in manuscript). Similarly, activation of CD34 
enriched hematopoietic progenitor cells with a cytokine cocktail over up to three days 
increased the efficiency of gene disruption, while preserving their progenitor potential 
as indicated through the generation of multiple hematopoietic lineages in 
immunocompromised mice (Figure 3B, (Gundry et al., 2016)) Importantly, our protocol 
yielded significantly higher editing compared to reports of a plasmid-based editing 
approach in hematopoietic stem and progenitor cells (Mandal et al., 2014; Xu et al., 
2019) and even compared to prior studies that employed RNPs in T cells (Schumann 
et al., 2015). 
We characterized off-target events in primary human T cells edited with the RNPs 
containing the hCD45 sgRNA and discovered up to 1.7% small insertions or deletions 
at one of three top predicted off-target sites (Figure 4B, (Gundry et al., 2016)). During 
initial sgRNA design, the sgRNA were selected for the highest on-target efficiency 
score with the CRISPRscan algorithm (Moreno-Mateos et al., 2015). Off-target events 
present a serious concern for the clinical translation of the CRISPR-Cas technology. 
Therefore, for all subsequent studies our sgRNA design protocols were adjusted to put 
more emphasis on lowering the probability for off-target events through an additional 
screening of designed sgRNA with the COSMID algorithm (Cradick et al., 2014; Lee et 
al., 2016). 
4.2. Modeling antigen-escape in primary leukemia cells with CRISPR-Cas9 
A common problem that limits the success of immunotherapy is antigen escape that 
has been observed after treatment with checkpoint blockade and CAR-T cell therapy 
(Majzner & Mackall, 2018; Zaretsky et al., 2016). Downregulation of CD19 on leukemic 
cells is observed in 7-25% of acute lymphoblastic leukemia patients and disease 
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relapse after CD19-specific CAR T cell therapy (Majzner & Mackall, 2018). In an effort 
to model antigen escape, the established technique from Gundry et al. was used to 
disrupt the CD19 gene. To this end, RNPs with three sgRNA targeting the CD19 gene 
were electroporated into a B-cell cancer cell line (Raji) as well as primary tumor cells 
of patients with acute B-cell leukemia (Fousek et al., 2020). Loss of the CD19 protein 
was confirmed by flow cytometry and CD19 negative cells were sorted through 
fluorescence-activated cell sorting. Interestingly, CD19-edited cancer cells partially 
downregulated CD20, another common B-cell antigen. Subsequently, different CAR T-
cells were challenged with the CD19 negative cell lines. In contrast to single CD19-
specific CAR T cells, T cells transduced with a tri-cistronic retroviral vector expressing 
a CD19-specific, a CD20-specific as well as a CD22-specific CAR were able to 
efficiently eradicate both the CD19 positive as well as the CD19 negative cancer cell 
lines in vitro and in multiple xenograft mouse models (Fousek et al., 2020). 
4.3. T cell immunity towards Streptococcus pyogenes Cas9 protein in healthy 
human adults 
In preparation to moving CRISPR-Cas9 edited T cell products into clinical studies, the 
immunogenicity of Cas9 proteins in humans must be evaluated.(Chew, 2018) Cellular 
immune responses toward CAR-equipped T cells that target the solid tumor antigen 
TAG72 lead to CAR T cell elimination, reduced CAR T cell persistence and poor 
outcome (Hege et al., 2017). Similarly, preexisting Cas9-directed T cell responses 
could reduce the persistence of Cas9 gene-edited cells in vivo.  
Cas9-specific memory T cells in peripheral blood were evaluated through short-term 
stimulation experiments. Isolated peripheral blood mononuclear cells (PBMC) contain 
both T cells as well as professional antigen-presenting cells like monocytes and B cells. 
Incubation of PBMC with recombinant Cas9 protein allows uptake, protein processing 
and presentation of Cas9-fragments on major histocompatibility complexes (MHC). 
Subsequently, T cell responses were recorded with multi-parameter flow cytometry. 
Low frequencies of SpCas9-reactive T cells were detected in 46 of 48 of our healthy 
human donors. As expected with a bacterial-specific T cell response, more cytokine-
producing cells were found in CD4+ than in the CD8+ compartment. Nevertheless, an 
upregulation of the activation marker CD137 in CD8 T cells was noted in 80% of the 
donors. In accordance with the observed T cell responses, 85% of the analyzed donors 
displayed serological evidence of exposure, measured by detectable titers of 
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antibodies with specificity for the two intracellular proteins from Streptococcus 
pyogenes, DNAse B or Streptolysin O. Therefore, sensitization to the SpCas9 protein 
and potentially other commonly used variants could occur either by colonization or 
repeated infections with the facultative pathogenic bacteria in which the gene editing 
tools were discovered. Notably, other Cas9 homologs from Staphylococcus aureus 
and the Cas12a nuclease, a CRISPR-Cas type 2 nuclease system from 
Acidaminococcus sp. BV3L6, elicited a comparable T cell immune response in six of 
six tested healthy human donors of the cohort.  
More importantly, enriched SpCas9-reactive effector T cells lysed autologous 
lymphoblastoid cells that endogenously express SpCas9 after plasmid transfection in 
a dose dependent manner. GFP-expressing lymphoblastoid cells were not killed by our 
SpCas9-specific effector T cells suggesting an antigen-specific effect. These results 
clearly indicate that preexisting SpCas9-specific T cells could eliminate gene-edited 
cells which constitutively overexpress the SpCas9 protein.  
Repeated exposure and colonization with commensal microbiota at the body’s 
surfaces can induce regulatory T cells (Lathrop et al., 2011). This immunosuppressive 
T cell subset is essential for immunological tolerance at mucosal barriers and it enables 
a symbiosis with the microbiome. As human adults experience repeated infections or 
are colonized with Streptococcus pyogenes, the hypothesis was formulated that 
regulatory T cells (Treg) contribute to the CD4+ T cell response against SpCas9 and 
potentially other homologs. To this end, markers for the identification of Treg cells were 
integrated in the flow cytometry readout panel. Strikingly, varying percentages of CD4+ 
T cells expressed a canonical regulatory phenotype CD25+ Foxp3+ within the 
activated CD137+ T cell fraction after Cas9-exposure. The Treg identity was confirmed 
through different classical markers for Treg (low expression of CD127, high expression 
of CTLA-4), their lack of inflammatory cytokine production as well as epigenetic 
analysis of the Treg-specific demethylation region (TSDR). Functionally, flow 
cytometrically enriched SpCas9-specific Treg were able to suppress the proliferation 
and cytokine production by SpCas9-reactive effector T cells in vitro. Killing of SpCas9-
expressing targets could not be significantly reduced by addition of SpCas9-reactive 
Treg cells. Interestingly, only a minimal overlap (< 5%) existed between the T cell 
receptor repertoire of Cas9-activated CD4+ T cells with and without Treg phenotype. 
Therefore, conventional and immunosuppressive T cells may recognize different parts 
of Cas9, offering the possibility for engineered Cas9 variants which are recognized by 
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Treg but invisible to pro-inflammatory T cells. 
“[The presented] results shed light on T cell-mediated immunity toward CRISPR-
associated nucleases and offer a possible solution to overcome the problem of 
preexisting immunity.” (Wagner et al., 2019) 
 
5. Clinical applications and outlook 
5.1. Facilitating progress in basic and translational research 
CRISPR-Cas9 gene editing with ribonucleoproteins allows the highly efficient and 
moderately specific modification of the DNA of hematopoietic cells including T-
lymphocytes. We established a stable protocol for rapid gene knockout experiments 
for enabling preclinical research that is currently adapted for a clinical trial with a 
genetically modified T cell product. 
In the gene editing experiments described in this thesis, sgRNAs were transcribed in 
vitro and purified as described above. While we achieved remarkably efficient gene 
editing with only low toxicity, the electroporated RNA could induce innate immune 
responses in some cell types (Chew, 2018). Certain chemical modifications at the ends 
of the sgRNAs, e.g. the incorporation of 2′-O-methyl 3′phosphorothioate linkages, can 
reduce toxicity and increase nuclease-resistance (Hendel et al., 2015). Modified 
synthetic sgRNAs increase efficacy of gene editing across multiple primary cell types 
(Hendel et al., 2015). Additionally, synthetic sgRNAs are preferable for clinical trials 
due to their enhanced stability and the lack of commercially available GMP-compatible 
in vitro transcription enzyme kits.  
The results detailed herein demonstrate that electroporation of CRISPR-Cas 
ribonucleoprotein complexes can be used to perform previously difficult experiments 
such as modeling antigen escape in primary human leukemia lines as exemplified in 
the study from Fousek and colleagues (Fousek et al., 2020). Previously, this could only 
have been achieved by the transfection of small inhibitory RNAs to knock down gene 
expression. However, transient transfection of siRNAs is not suitable for in vivo 
experiments where continuous suppression of the antigen is needed. Using the RNP-
enabled “hit-and-run” approach obviates the need for time-consuming production of 
plasmids and retro- or lentiviral vectors that would be required for long-term knockdown 
with siRNA technology. 
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5.2. Minimizing off-target activity of CRISPR-Cas9 for clinical applications 
The high efficiency and mild toxicity of this approach warranted its application for other 
clinically relevant genetic interventions. The off-target activity of the CRISPR-Cas9 
system is an important safety concern for its clinical translation. Comparisons indicate 
that transient delivery of RNP induces less off-targets than plasmid overexpression or 
even mRNA delivery (Vakulskas et al., 2018). Nevertheless, we detected up to 1.7% 
edited alleles in genetic sequences with two mismatches to the sgRNA sequence after 
electroporation of CD45 specific RNPs into human T cells. To my knowledge, this was 
the first time significant off-target cutting has been observed in human T cells after 
electroporation of CRISPR-Cas9 ribonucleoprotein complexes. Therefore, off-target 
editing can occur with RNP delivery and must be carefully investigated in preparation 
of clinical trials. 
In a subsequent study, a novel T cell immunotherapeutic agent was established that 
could selectively recognize and kill cancer cells expressing the CD7 antigen (Gomes-
Silva et al., 2017). The sgRNAs were selected for higher specificity and fewer 
unintended off-target events. The specificity of the approach was subsequently tested 
by both an unbiased cell-based approach for off-target identification (GUIDE-seq (Tsai 
et al., 2015)) and amplification of in silico predicted off-target sites in CD7-edited T 
cells. GUIDE-seq for the CD7 sgRNA did not identify any off-target sites that were not 
predicted in silico (Gomes-Silva et al., 2017). Deep sequencing of the potential off-
target sites showed no small insertions or deletions above the limit of detection (0.1%). 
In summary, careful sgRNA selection in this study allowed a genetic intervention with 
no detectable off-targets in the predicted sites (Lee et al., 2016). 
Nevertheless, this analysis does not rule out that off-target editing occurs at a level 
below the detection limit of the next-generation sequencing approach or at other sites 
unidentified by in silico mechanisms. Lessard et al. reported that interindividual genetic 
variability could lead to off-target events unpredicted by in silico algorithms dependent 
on the reference genome (Lessard et al., 2017). To further reduce the risk for off-target 
editing in clinical cell products, Cas enzymes with improved fidelity could be applied 
(Vakulskas et al., 2018). Currently, the clinical efficacy of edited CD7-specific CAR T 
cells in patients with aggressive T-cell leukemia or lymphoma awaits clinical 
investigation in a phase 1/2a trial at Baylor College of Medicine, USA. 
(ClinicalTrials.gov Identifier NCT03690011)  
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5.3. Preexisting immunity to Cas9 proteins creates challenges for in vivo 
applications 
The detection of pre-existing T cell memory against commonly used Cas9 nucleases 
highlights a previously unrecognized risk of applying the CRISPR-Cas9 system in 
humans. Importantly, our finding of pre-existing T cell immunity toward SpCas9 and 
Staphylococcus aureus Cas9 (SaCas9) were independently reproduced by different 
groups (Charlesworth et al., 2019; Ferdosi et al., 2019; Stadtmauer et al., 2020). 
Charlesworth et al. evaluated the Cas-directed T cell responses concluding 67% of 
adults showed a response to SpCas9 and a slightly higher percentage of adults 
showed a response to SaCas9 (Charlesworth et al., 2019). Their assays focused on 
IFN-gamma producing lymphocytes, thereby potentially underestimating the rate of 
sensitization in their cohort. Ferdosi et al. evaluated the reactivity of HLA-A2 positive 
donors regarding their reactivity to 35-different in silico predicted peptides with the 
highest probability of binding to HLA-A*02:01 (Ferdosi et al., 2019). In line with the 
presented results of this thesis, they found CD8+ T cell responses in 83% of the tested 
donors (Ferdosi et al., 2019; Wagner et al., 2019). Nevertheless, most clinical trials 
deliver Cas9-RNP directly into rapidly dividing cell cultures ex vivo. In these 
circumstances, Cas9 is rapidly degraded and diluted, which reduces the likelihood of 
Cas9-directed cellular immune responses upon infusion (Stadtmauer et al., 2020). In 
fact, first results of a clinical trial with CRISPR-Cas9 edited and TCR-redirected T cell 
products reported the persistence of modified cells despite confirmed preexisting 
immunity in the patients (Stadtmauer et al., 2020). 
Preexisting immunity in humans could compromise the safety and efficacy of the 
therapeutic intervention in human adults through Cas9-specific effector T cell 
responses (Charlesworth et al., 2019; Ferdosi et al., 2019; Wagner et al., 2019). 
Classical animal models to evaluate gene therapies do not reflect the human situation 
as mice are held under sterile environments or the species are not colonized with 
Streptococcus pyogenes or Staphylococcus aureus. This creates the need for models 
that take into account diverse Cas9-directed immunization. In a first attempt for a better 
model, Li et al. evaluated a SaCas9-based in vivo gene therapy approach, comparing 
regular mice and mice that were immunized with small amounts of SaCas9 one week 
prior to the application of low immunogenic adenovirus-associated virus with liver 
tropism (Li et al., 2020). Sensitization of mice to SaCas9 lead to a substantial reduction 
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in transgene expression and marked liver damage that coincided with an increased 
detection of activated CD8+ T cells in the liver and complete loss of gene edited cells 
12 weeks post treatment (Li et al., 2020). They could also detect elevated frequencies 
of CD4+ regulatory T cells in the blood of mice after immunization, although their 
specificity was not determined (Li et al., 2020). 
This highlights that Cas9 based in vivo gene therapies could be at a higher risk of 
immune complications. The first clinical trial with an AAV-based CRISPR-Cas9 in vivo 
strategy for RPE65-mutated retinal dystrophy which causes blindness started 
enrollment in 2020 (ClinicalTrials.gov Identifier: NCT03872479). The trial is a unique 
opportunity to understand the extent and clinical relevance of Cas9-directed immune 
responses in humans. In depth monitoring of Cas9-directed T cell responses may 
enable to guide treatment decision making regarding immunosuppressive co-
treatments and reveal whether endogenous Cas9-specific CD4+ Treg can blunt 
hazardous immune responses in vivo.  
5.4. Summary and outlook 
CRISPR-Cas genome engineering applications build on the previous experiences in 
the gene therapy field (Porteus, 2019). Prior shortcomings of viral gene therapies in 
respect to genotoxicity and immunogenicity informed the early safety investigations for 
this new technology (Anguela & High, 2019; Hacein-Bey-Abina et al., 2003; Porteus, 
2019; Raper et al., 2002). The remarkable efficacy of RNP-mediated gene editing as 
well as the problems associated with Cas9-directed immunity imply that gene editing 
components should be used transiently (Charlesworth et al., 2019; Ferdosi et al., 2019; 
Gundry et al., 2016; Hendel et al., 2015; Wagner et al., 2019). For ex vivo modified cell 
products this can be performed through electroporation as exemplified in some of the 
works underlying this thesis. (Gundry et al., 2016) The technique outlined in Gomes-
Silva et al. represents a novel treatment option for patients with T cell malignancies 
refractory to standard treatments that was enabled by gene editing. (Gomes-Silva et 
al., 2017) This emphasizes that the CRISPR-Cas gene editing technology is becoming 
a powerful asset in the toolbox for gene-modified cell therapies in regenerative 
medicine (Anguela & High, 2019; Porteus, 2019). 
Some genetic diseases are caused by mutations in genes that are expressed in tissues 
and cell types that either cannot be cultured or do not engraft to form functional organs 
after infusion. Restricting expression time after delivery should reduce the time of Cas9 
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fragment presentation on major histocompatibility complexes and limit the priming of 
immunity. Changes introduced by CRISPR-Cas gene editing persist long-term and 
therefore do not require the constitutive presence of the nuclease. Ultimately, the next 
frontier within the CRISPR-Cas gene editing field will focus on establishing safe and 
effective technologies for time-restricted and cell-type specific in vivo delivery of the 
gene editing machinery. Alternatively, methods to induce tolerance to gene therapeutic 
vectors and cargo could be envisioned. This may be achieved by exploiting and 
promoting Cas9-specific Treg. Future studies should elucidate whether Cas9-specific 
Treg can induce long-lasting tolerance in a vector-independent fashion without 
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4. Publikation Wagner et al. 2019 Nature Medicine
LETTERS
https://doi.org/10.1038/s41591-018-0204-6
1Institute for Medical Immunology, Charité – Universitätsmedizin Berlin, Berlin, Germany. 2Berlin-Brandenburg Center for Regenerative Therapies (BCRT), 
Charité – Universitätsmedizin Berlin, Berlin, Germany. 3Berlin Institute of Health (BIH), Berlin, Germany. 4Berlin Center for Advanced Therapies (BeCAT), 
Charité – Universitätsmedizin Berlin, Berlin, Germany. 5These authors jointly directed this study: Hans-Dieter Volk, Michael Schmueck-Henneresse. 
*e-mail: michael.schmueck-henneresse@charite.de
The discovery of the highly efficient site-specific nuclease 
system CRISPR–Cas9 from Streptococcus pyogenes has gal-
vanized the field of gene therapy1,2. The immunogenicity of 
Cas9 nuclease has been demonstrated in mice3,4. Preexisting 
immunity against therapeutic gene vectors or their cargo can 
decrease the efficacy of a potentially curative treatment and 
may pose significant safety issues3–6. S. pyogenes is a common 
cause for infectious diseases in humans, but it remains unclear 
whether it induces a T cell memory against the Cas9 nuclease7,8.  
Here, we show the presence of a preexisting ubiquitous effec-
tor T cell response directed toward the most widely used Cas9 
homolog from S. pyogenes (SpCas9) within healthy humans. 
We characterize SpCas9-reactive T cells within the CD4/CD8 
compartments for multi-effector potency, cytotoxicity, and 
lineage determination. In-depth analysis of SpCas9-reactive 
T cells reveals a high frequency of SpCas9-reactive regula-
tory T cells that can mitigate SpCas9-reactive effector T cell 
proliferation and function in vitro. Our results shed light on T 
cell–mediated immunity toward CRISPR-associated nucleases 
and offer a possible solution to overcome the problem of pre-
existing immunity.
 
High prevalence of Streptococcus pyogenes Cas9-
reactive T cells within the adult human population
Dimitrios!L.!Wagner" "1,2,3, Leila!Amini" "1,2, Desiree!J.!Wendering1,2, Lisa-Marie!Burkhardt" "1, 
Levent!Akyüz1, Petra!Reinke2,4, Hans-Dieter!Volk" "1,2,4,5 and Michael!Schmueck-Henneresse1,2,4,5*
NATURE MEDICINE | VOL 25 | FEBRUARY 2019 | 242–248 | www.nature.com/naturemedicine242
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5. Auszug Journal Summary List für Zeitschrift „Leukemia“
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Abstract
Chimeric antigen receptor (CAR) T-cells targeting CD19 demonstrate remarkable ef!cacy in treating B-lineage acute
lymphoblastic leukemia (BL-ALL), yet up to 39% of treated patients relapse with CD19(!) disease. We report that
CD19(!) escape is associated with downregulation, but preservation, of targetable expression of CD20 and CD22.
Accordingly, we reasoned that broadening the spectrum of CD19CAR T-cells to include both CD20 and CD22 would enable
them to target CD19(!) escape BL-ALL while preserving their upfront ef!cacy. We created a CD19/20/22-targeting CAR
T-cell by coexpressing individual CAR molecules on a single T-cell using one tricistronic transgene. CD19/20/22CAR
T-cells killed CD19(!) blasts from patients who relapsed after CD19CAR T-cell therapy and CRISPR/Cas9 CD19 knockout
primary BL-ALL both in vitro and in an animal model, while CD19CAR T-cells were ineffective. At the subcellular level,
CD19/20/22CAR T-cells formed dense immune synapses with target cells that mediated effective cytolytic complex
formation, were ef!cient serial killers in single-cell tracking studies, and were as ef!cacious as CD19CAR T-cells against
primary CD19(+) disease. In conclusion, independent of CD19 expression, CD19/20/22CAR T-cells could be used as
salvage or front-line CAR therapy for patients with recalcitrant disease.
Introduction
The treatment of B-precursor lymphoid malignancies with
chimeric antigen receptor (CAR) T-cells targeting the pan-B
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